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Abstract—This paper introduces a new multicarrier system
that uses a low computational complexity transform developed
by Boussakta [1] to combine the Walsh-Hadamard Transform
(WHT) and Discrete Fourier Transform (DFT) into a single
orthogonal transform or as a transition from one transform
domain to another. The proposed transform is used in a new
orthogonal frequency division multiplexing (T-OFDM) system,
across fixed and mobile multipath channel models. Use of the
proposed transform with OFDM has been found to achieve high
diversity gain by spreading each subcarrier with all the others.
Consequently, severe distortion arising from channel fading on
the subcarrier power is minimised. Simulation results confirm
that the proposed T-OFDM system outperforms the conventional
OFDM system when utilizing the minimum mean square error
(MMSE) equalizer. The main merits of such a transform are low
computational complexity, no bandwidth expansion, the same
average transmitted power, and a high ability to mitigate the
influence of multipath channel dispersion.
I. INTRODUCTION
Owing to many significant advantages, the orthogonal fre-
quency division multiplexing (OFDM) system is adopted in
many wireless communication systems [2]. However, OFDM
has some drawbacks which need to be improved. Therefore,
the spread OFDM (called Walsh-Hadamard transform (WHT)-
OFDM) system has been investigated with the aim of dealing
with the major disadvantages of the OFDM system [3]. More-
over, several techniques based on computational complexity,
bandwidth expansion and data rate have been devised to prove
that the WHT-OFDM system has many attractive properties
compared to the conventional OFDM system. [4] has shown
that subcarrier spreading is a more convenient approach to
exploit wideband channel diversity potential than using an
adaptive system. Furthermore, WHT-OFDM has low complex-
ity , better bandwidth efficiency and better data rate compared
to the adaptive systems. Furthermore, the benefits of adding
WHT to an OFDM system to reduce the influence of the
selective fading channel on system performance have been
demonstrated in [3] and [5]-[8]. However, this improvement is
only achieved at the expense of an increase in the computa-
tional complexity of using WHT and the fast Fourier transform
separately. In a similar way to the method developed in [1] but
with different complexity, [9] has attempted to improve the im-
plementation of combining WHT and the inverse fast Fourier
transform (IFFT) for an MC-CDMA application. However, the
computational cost is still high. The number of additions is
lower, while the number of multiplications is higher than the
two transforms calculated separately. It is the aim of this paper,
therefore, to use a low computational complexity transform
developed in [1] for OFDM based communications systems.
This transform combines the effects of WHT and the IFFT
in a single transform achieving a substantial reduction in
both the number of additions and multiplications compared
to traditional OFDM based system, or the use of the WHT
and IFFT separately. Also, the same complexity reduction is
achieved by using the forward T transform, which combine
the effects of WHT and FFT, at the receiver. Theoretical
analysis of the proposed system structure is introduced in this
paper. Moreover, owing to high frequency diversity gains, this
transform achieves significant improvement in the performance
of the OFDM system over a multipath fading channel for fixed
and mobile applications when using a minimum mean square
error (MMSE) equalizer.
The remaining contents of this paper are organized as
follows: Section II gives an overview of the OFDM system
with the proposed transform. The mathematical analysis of the
proposed transform is introduced in section III. The simulation
results employing the proposed transform over different envi-
ronments are demonstrated in section IV, which is followed by
a discussion. Finally, section V concludes the advantages of
utilizing the proposed transform for wireless communications.
II. PROPOSED SYSTEM DESCRIPTION
Fig.1 shows an overall block diagram of a typical uncoded
OFDM system using the proposed transform. The proposed
system will be referred to as T-OFDM in the remainder of
this paper. Incoming modulated data symbols from quadrature
amplitude modulation (QAM) or phase shift keying (PSK) are
inserted into the inverse T transform. The output signals of
the inverse T transform are evaluated as:
xk =
1√
N
N−1X
n=0
yn WnkN (1)
where W is a size N symmetric and orthogonal matrix of
twiddle factors of inverse fast Fourier transform (IFFT) and yn
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Fig. 1. T-OFDM block diagram
is the Walsh-Hadamard transform of Xm which is computed
by:
yn =
1√
N
N−1X
m=0
Xm WHmnN (2)
where WHN is the Walsh-Hadamard matrix of size N.
Consequently, the complex baseband signal of the inverse T
transform can be rewritten as:
xk =
1
N
N−1X
n=0
N−1X
m=0
Xm WHmnN W
nk
N ,
=
N−1X
m=0
Xm.
1
N
N−1X
n=0
WHmnN W
nk
N ,
=
N−1X
m=0
XmTmkN .
(3)
where TN is the proposed transform, which will be described
in detail in section III. The transmitted signals xk are distorted
by the fading channel and additive white Gaussian noise
(AWGN). Consequently, the received signals can be expressed
by rk = hk ~ xk + wk, where hk is the channel impulses
response (CIR) which is convolved with the transmitted signal,
and wk is the Gaussian noise with a variance of σ2.
At the receiver side, the received signal is first fed into the
T transform block shown in Fig.1 to acquire the signal in the
Walsh domain. Consequently, the distorted signals are:
X
00
m =
N−1X
k=0
rk T−mkN (4)
where T−mkN is the same as in the transmitter but with
w = e−j2π/N . Subsequently, the distorted signals need to
be equalized. As established in dyadic convolution theorem,
the WHT of the product of two sequences is equivalent to
the dyadic convolution of their WHT [10]. Thus, the channel
equalization in the T-OFDM system is accomplished by dyadic
convolution between the output signals of the T transform
block and the WHT of the equalizer sequence. Future works
will focus on investigating an optimal channel estimation
technique that matches with the proposed system, further to the
complexity calculation of equalization in the Walsh domain.
Consequently, the output signals of the dyadic convolution will
be:
X
0
k =
N−1X
m=0
X
00
m⊕k βm (5)
where m ⊕ k denotes the bit-by-bit modulo 2 sum of the
integers m and k (Exclusive-OR operation between the bits
of the binary representation of m and k) and β is the Walsh-
Hadamard transform of the equalizer sequence:
βm =
1√
N
N−1X
n=0
λn WHnmN (6)
where λn = H
∗
n
|Hn|2+σ2 is a linear equalization value based on
Minimum Mean Square Error (MMSE) criterion [4], Hn is
the frequency response of the CIR and σ2 is the Gaussian
noise variance. MMSE is considered here due to its ability to
suppress noise enhancement, besides equalizing the channel.
III. T TRANSFORM STRUCTURE
The inverse T-transform is evaluated as:
TmnN =
1
N
WHmkN W
kn
N , for 0 ≤ n, k,m ≤ N − 1 (7)
where n, k, and m are the rows and columns
indices, and W and WH are the IDFT and the
Walsh-Hadamard matrices, respectively. The two
matrices are 2-D Euclidean space arranged as a
[N × N ]. The basis function for IDFT are periodic
with period N . Thus, the indices k × n can be calculated
modulo-N ,
wknN = w
<kn>N
N (8)
where w = ej2π/N .
Also, elements of the second half of the IDFT matrix are
similar to the elements in the first half but with reversed sign.
Thus, the relationship can be expressed as:
wknN = −w
(kn−N2 )
N , for
N
2
≤ kn < N (9)
Consequently, the IDFT matrix can be rewritten as:
WknN =
"
AknN/2 B
kn
N/2
AknN/2 −BknN/2
#
(10)
On the other hand, WH of size N = 2J , where J is an
integer value, can be computed by:
WHN =
J
⊗
i=1
WH2 =
Jz }| {
WH2 ⊗WH2 ⊗ · · ·⊗WH2 (11)
where the matrix WH2 =
∙
1 1
1 −1
¸
is the Walsh-Hadamard
matrix for 2-point WHT and ⊗ denotes the tensor or Kro-
necker product. Consequently, theWH matrix can be rewritten
as a function of lower order matrices as:
WHmkN =
"
WHmkN/2 WH
mk
N/2
WHmkN/2 −WHmkN/2
#
(12)
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Substituting (10) and (12) in to (7), we get:
TmnN =
1
N
"
2WHmkN/2A
kn
N/2 0
0 2WHmkN/2B
kn
N/2
#
. (13)
To construct the structure of T in (13), consider, for instance,
the case N = 16 and let, R1=(1+w4), R2=(1−w4), R3=(1+w2),
R4=(1−w2), R5=(1+w6), R6=(1−w6), R7=(1+w1), R8=(1−w1),
R9=(1+w5), R10=(1−w5), R11=(1+w3), R12=(1−w3), R13=(1+w7),
R14=(1−w7). Thus, by applying (13), we get,
Tmn16 =
1
16
∙
2WHmk8 A
kn
8 0
0 2WHmk8 B
kn
8
¸
,
=
1
16
⎡
⎢⎢⎣
4WHmk4 A
kn
4 0 0 0
0 4WHmk4 B
kn
4 0 0
0 0 2WHmk4 C
kn
4 R1 2WH
mk
4 D
kn
4 R2
0 0 2WHmk4 C
kn
4 R2 2WHmk4 Dkn4 R1
⎤
⎥⎥⎦ .
(14)
where
Akn4 =
⎡
⎢⎢⎣
1 1 1 1
1 −1 w4 −w4
1 1 −1 −1
1 −1 −w4 w4
⎤
⎥⎥⎦,Bkn4 =
⎡
⎢⎢⎣
1 1 1 1
w2 −w2 w6 −w6
w4 w4 −w4 −w4
w6 −w6 W2 −w2
⎤
⎥⎥⎦,
Ckn4 =
⎡
⎢⎢⎣
1 1 1 1
w1 −w1 w5 −w5
w2 w2 −w2 −w2
w5 −w5 W 5 −w5
⎤
⎥⎥⎦,Dkn4 =
⎡
⎢⎢⎣
1 1 1 1
w3 −w3 w7 −w7
w6 w6 −w6 −w6
w7 −w7 W 3 −w3
⎤
⎥⎥⎦.
and WHmk4 is the Walsh-Hadamard matrix of size four. From
(14) it can be seen that the inverse T transform has a sparse
matrix with two thirds of its elements being zero. Compared
with direct implementation of the IDFT, this constitutes a two
thirds reduction in arithmetic operations (complex additions
and multiplications). The number of arithmetic operations can
be reduced further using fast algorithms. Consequently,
1
4 [WH
mk
4 ×Akn4 ]=
⎡
⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 R2/2 R1/2
0 0 R1/2 R2/2
⎤
⎥⎥⎦ (15)
In the same way,
1
4 [WH
mk
4 ×Bkn4 ]=
⎡
⎢⎢⎣
R1/2 0 R2/2 0
0 R1/2 0 R2/2
R2/2 0 R1/2 0
0 R2/2 0 R1/2
⎤
⎥⎥⎦
×
⎡
⎢⎢⎣
R3/2 R4/2 0 0
R4/2 R3/2 0 0
0 0 R5/2 R6/2
0 0 R6/2 R5/2
⎤
⎥⎥⎦ (16)
1
8R1[WH
mk
4 ×Ckn4 ]=
⎡
⎢⎢⎣
R1/2 0 0 0
0 R1/2 0 0
0 0 R1/2 0
0 0 0 R1/2
⎤
⎥⎥⎦×M1×M2 (17)
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Fig. 2. The proposed transform butterfly structure with N=16
whereM1 has the same structure as the first matrix of the right
hand side in (16) using R3 instead of R1 and R4 instead of
R2. M2 has the same structure as the second matrix of the
right hand side in (16), using R7 instead of R3, R8 instead of
R4, R9 instead of R5, and R10 instead of R6. The values of
1
8R2[WH
mk
4 ×Ckn4 ] are equivalent to (17) with one difference
of using term R2 instead of R1 in the first matrix of the right
hand side. Furthermore,
1
8
R2[WHmk4 ×Dkn4 ] =M3×M4×M5 (18)
where M3 has the same structure as the first matrix of the
right hand side in (17) using R2 instead of R1, M4 is the
same structure of the first matrix of the right hand side in (16)
using R5 instead of R1 and R6 instead of R2, as also,M5
is the same structure of the second matrix of the right hand
side in (16) using R11 instead of R3, R12 instead of R4,
R13 instead of R5, and R14 instead of R6. Also, the same
results are obtained for 18R1[WH
mk
4 D
kn
4 ] by substituting R2
by R1 in (18). Ultimately, from (14) and after substituting the
values in (15)-(18) and other terms, the proposed transform
flow diagram for N = 16 is shown in Fig. 2. Compared to
the IFFT flow diagram, the T transform requires half of the
butterflies only. It is important to explain that each butterfly
values is evaluated as:
c = a− (a− b)wn (19)
d = b+ (a− b)wn (20)
where a and b are the input data, c and d are the out-
put data, and wn is the twiddle factor which is given as
wn = (1−ej2πn/N)/2, with an index range n = (0 . . . N2 −1).
It is worthwhile noticing that the radix-2 IFFT decimation
in frequency algorithm, which is considered for the proposed
transform, requires ordered input samples and reordered out-
put based on bit reverse. Furthermore, the inverse T trans-
form twiddle factor values have the bit reverse range of
n = 0 · · ·N −1. The first value of n is N/4, as shown in Fig.
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TABLE I
COMPARISON OF COMPLEX ARITHMETIC OPERATIONS IN THE PROPOSED
T-OFDM SYSTEM AND OTHER TECHNIQUES
OFDM with Walsh Conventional OFDM T-OFDM
N CM CA CM CA CM CA
32 80 320 80 160 49 147
64 192 768 192 384 129 387
128 448 1792 448 896 321 963
256 1024 4096 1024 2048 769 2307
2. The computational complexity of the proposed transform is
given in [1]. Using single butterfly implementation (counting
trivial multiplications and additions), the total number of
operations is given by:
Mmults =
1
2
[Nlog2(N)− (2N − 2)] (21)
Madds =
3
2
[Nlog2(N)− (2N − 2)] (22)
where N is the size of the transform, Mmults stands for the
number of complex multiplications, and Madds stands for the
number of complex additions.
Finally, the same complexity reduction is achieved at both
the transmitter side and receiver side by utilizing the inverse
and forward T transform instead of the IFFT and the FFT,
respectively.
IV. SIMULATION RESULTS AND DISCUSSION
A. Computational complexity
In a real system, the best performance enhancement should
be acquired with minimum hardware or computational cost.
The main merit of the T-OFDM structure, which is given
in (21) and (22), is the low computational complexity of
implementation. In the T-OFDM system with N subcarriers,
the structure will be subdivided into log2(N)−1 uncorrelated
stages, further to the same number of groups which are
measured vertically. By comparing our proposed transform
with the conventional OFDM system and other related tech-
niques, we find that our proposed transform has relatively low
complexity, which is briefly calculated in Table I, where CA
is number of complex additions and CM is the number of
complex multiplications.
B. T-OFDM performance in term of bit error rate (BER)
To investigate the BER validity of the proposed transform,
we have evaluated the performance of such a system based on
the parameters used by WiMAX standards, which are given
in Table I in [11]. The BER performance comparison between
conventional uncoded OFDM and uncoded T-OFDM in both
fixed and mobile applications is demonstrated in this section.
These comparisons are accomplished with assumptions of
perfect channel estimation and synchronization.
For fixed WiMAX applications, the SUI channel models
[12] are adopted. In fixed WiMAX applications which operate
in the frequency band 2-11 GHz, the OFDM FFT length is
256, and each symbol is padded with a cyclic prefix of length
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Fig. 3. The BER performances of T-OFDM and OFDM across SUI-5 channel
model.
64. In such applications the system bandwidth is 2.5 MHz
with sampling factor (8/7). Thus the sampling rate is 2.857
MHz. The channel impulse responses with a sampling interval
which corresponds to a paths delay spread are computed based
on standards with a sample time equal to 350 ns. The BER
performances of QPSK and 16-QAM complex sequences for
T-OFDM compared to conventional OFDM systems are shown
in Fig.3. These results are achieved with the adoption of
SUI-5 from SUI channel models. From Fig.3 it is clear that
the use of the proposed transform with an OFDM system
achieves a significant improvement in the performance of such
a system, with both QPSK and 16-QAM modulation over
a fixed wireless application. The performance improvement
of employing T-OFDM is a consequence of exploiting the
Walsh-Hadamard code to achieve frequency diversity over the
subcarriers, which helps to soften the deep fade effect on
individual subcarriers. Thus, with 10−4 BER, the utilization
of the T-OFDM system improves the SNR by about (9-10)dB.
Nevertheless, with 16-QAM, the OFDM system outperforms
the T-OFDM at low SNR as a consequence of the fact that
the total received SNR across Rayleigh fading channels is
distributed among the diverse signal of the proposed transform.
It is worthwhile mentioning that all the above results are
achieved by utilizing a MMSE equalizer.
On the other hand, for mobile WiMAX (IEEE 802.16e)
applications, the static (for each OFDM frame) ITU chan-
nel models in [13] are adopted with normalized tap power
(
P
lE[|atl |2] = 1, where E[.] denotes the expectation (sta-
tistical averaging) operator, a is the amplitude of tap l at
instance t). Thus, the performance of the proposed transform is
evaluated for pedestrian and vehicular operating environments
by utilizing ITU (pedestrian) channel B and ITU (vehicu-
lar) channel A models, respectively. The parameters of our
simulation for these applications are chosen based on the
WiMAX standard. For mobile WiMAX applications which
operate in the frequency band 2-6GHz, the scalable OFDM
system is adopted. Thus, the OFDM with 1024 FFT length
is utilized with 10 MHz bandwidth. Hence, with an 11.429
MHz sampling rate, the time for each sample is 88 ns. This
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Fig. 4. BER performance of T-OFDM and OFDM systems across ITU
(pedestrian) channel B model.
sampling interval is considered in the computation of the delay
spread of the channel impulse response that is convolved with
the transmitted signals. Furthermore, the Doppler shift effect
on each transmitted frame is taken into consideration with
two velocity scales- 3 km/h and 120 km/h for pedestrian and
vehicular, respectively- further to a carrier frequency equal to 4
GHz. The performance achieved by employing T-OFDM and
OFDM systems with the above parameters and across ITU
(pedestrian) channel B and ITU (vehicular) channel A models
is demonstrated in Figs. 4 and 5, respectively. Obviously, the
frequency diversity of the Walsh-Hadamard transform softens
the fading distortion and Doppler shift effects on the transmit-
ted signal in these channel models. Consequently, with 10−4
BER, it achieves a SNR gains of about (12-15) dB, and (14-16)
dB for 16-QAM and QPSK, respectively. Finally it can be seen
that employment of the proposed transform with multicarrier
systems in the outdoor environment (disruptive behaviour)
achieves a significant improvement in the performance of such
systems.
V. CONCLUSION
We have proposed a multipath resilient, low-complexity
transform that enhances BER performance without bandwidth
expansion or an increase in average power. The theoretical
analysis demonstrated the low computational complexity re-
quirements of the proposed transform compared with conven-
tional OFDM systems. Furthermore, the length of the proposed
transform was shown to be the same as the subcarrier number
thus, there is no bandwidth expansion when utilizing this trans-
form. The unitary feature of the Walsh-Hadamard transform
has no additional effect on the average transmitted power.
Moreover, the frequency diversity of the transmitted signal,
when employing the proposed transform, softens the distortion
of the multipath fading channel, despite the severe multipath
environments. The performance of the proposed transform
was investigated using different ITU and SUI channel models.
Simulation results demonstrated that at a BER of 10−4, the
proposed system requires (10-16) and (9-14)dB less in terms
of SNR for QPSK and 16-QAM, respectively. Consequently,
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Fig. 5. BER performance of T-OFDM and OFDM systems across ITU
(vehicular) channel A model.
a multicarrier system utilizing the proposed transform will
benefit from both the reduced SNR requirements and the
computational complexity.
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